Background. For single gait tasks, associations have been reported between gait speed and cognitive domains. However, few studies have evaluated if this association is altered in dual gait tasks given gait speed changes with complexity and nature of task. We evaluated relative contributions of specific elements of cognitive function (including sustained attention and processing speed) to dual task gait speed in a nationally representative population of communitydwelling adults over 50 years.
G
AIT speed may be a useful proxy for health and physical functioning. This is evidenced by the association between gait speed and mortality (1) (2) (3) . Gait control is a complex brain process, and a recent review has confirmed the important contribution of the central nervous system to gait in nondemented older adults (4) . Global cognition has been shown to longitudinally predict gait speed decline (5, 6) . However, neuroimaging studies have shown links between slower gait and lower integrity of particular areas of the brain: the prefrontal cortex, the basal ganglia, and the medial temporal lobe (4) . Specifically, the prefrontal cortex plays a role in memory, executive function, sustained attention, and information processing (7) . Sustained attention, the ability to maintain attention to a task over a period of time, is thought to also involve parietal and anterior cingulate cortices (8) . Together with processing speed, executive function, which is required for effective goal-orientated actions and attentional control, has been reported to be a fundamental mediator of cognitive aging (9) . Sustained attention has been linked to higher risk of falls and frailty (8) in older adults but has not been examined in relation to gait. Poorer short-term memory and executive function (5) has been associated with slow gait speed during simple single gait tasks, with some studies including attention (10) and global cognition (11) .
Multitasking plays an important role in our daily activities. Dual task paradigms, where two tasks are performed simultaneously, are often used to create more ecologically valid experimental environments. Slower dual task gait speed has been associated with greater variability in executive function (12) , and poorer scores in executive function, short-term memory, and composite speed/executive/attention assessments (9, 13) in healthy older adults. These studies employed comparatively small numbers of older adults (12, 13) and did not report on measures of cognitive function such as visual reasoning, memory, processing speed, or sustained attention. Neural correlates of dual task processing remain unclear (14) but prefrontal cortex recruitment has been reported during dual gait tasks in older adults (15) . Dual task processing theories exist such as the bottleneck, central resource capacity, multiple resources, and inhibitory recalibration (16, 17) , suggesting links exist between motor and cognitive processes. The effect of a dual task on gait speed increases progressively from health to cognitive impairment (7, 18, 19) . Therefore, a dual gait task may be more beneficial than a single gait task for assessing cognitive health in older adults and may aid in the assessment of any transitions to prepathology.
Further understanding of the relationship between specific elements of cognitive function, the gait task employed, and the gait measure recorded (20) needs to be evaluated over a wide age range in healthy older adults. The aim of this study was to explore the relative contribution of seven pertinent elements of cognitive function to gait speed, during dual gait tasks in a nationally representative population of community-dwelling adults. We hypothesize that poorer short-term memory, executive function, and processing speed will be associated with slower gait speed in single and dual gait tasks.
Methods

Participants
Eight-thousand one hundred seventy-four adults participated in the first wave of the Irish Longitudinal Study on Aging (TILDA), a nationally representative study of communitydwelling people 50 years and older. There were three parts to the data collection: a computer-assisted personal interview, a self-completion questionnaire, and a health center assessment (21) . Five thousand thirty-seven (61.6%) participants agreed to attend the health center assessment. Inclusion criteria for this study were valid gait and neuropsychological data, making 4,431 participants eligible (55% women, 62.4 [8.2] mean [SD] age). Ethical approval was obtained from Trinity College Dublin Research Ethics Committee. All participants provided personal written informed consent, thereby excluding those with severe cognitive impairment. Participant characteristics are reported in Table 1 .
Gait Measures
A 4.88-m walkway (GAITRite, CIR Systems Inc.) recorded average gait speed during two walks at normal pace for three gait tasks: single, cognitive, and motor. Dual task difference (DTD) was calculated by subtracting single task gait speed from either cognitive or motor task gait speed. Instructions given to participants were to: "walk at your normal pace and, as you walk, recite alternate letters of the alphabet out loud" for the cognitive gait task, and "walk at your normal pace and, as you walk, carry this glass of water," a glass filled 1 inch from the top with water, for the motor gait task. Although seated, participants were given a practice alternate letters trial. The gait tasks began 2.5 m before the start of the walkway and continued for 2 m past the end of the walkway to facilitate acceleration and deceleration.
Cognitive Measures
Participants underwent a neuropsychological assessment which measured a number of elements of cognitive function: short-term memory, processing speed, executive function, sustained attention, visual reasoning, and verbal fluency. The Montreal Cognitive Assessment (MOCA) assessed global cognition. Most neuropsychological tests measured more than one cognitive element, but for this study each task was classified according to its main cognitive element.
Short-term memory was assessed using a 10-word recall test which requires immediate and delayed recall.
Processing speed was measured using mean cognitive reaction time from the Choice Reaction Time test (22) . A yes/no stimulus appeared on the screen and participants responded by releasing a button and pressing a corresponding yes/no button (100 repetitions). Cognitive reaction time was the time taken to release the button in response to the stimulus.
The Color Trail Test (ΔCTT) was used as an alternative to the Trail-Making Task to assess executive function as it removes cultural and language bias (23) . CTT consists of two parts, both timed. Part 1 involves connecting numbers in ascending order with a pencil as quickly as possible. Part 2 additionally requires alternating between pink and yellow numbers. ΔCTT, the difference in time between parts 1 and 2, requires cognitive flexibility and adjusts for differences in upper extremity motor speed and visual scanning (24) .
Visual reasoning was assessed using the Revised Cambridge Examination for Mental Disorders of the Elderly (25) . Visual Reasoning Task requires visuoperceptual/spatial and some executive function's ability. Three boxes were presented with objects inside and one empty box. Participants were asked to identify the missing object to complete the pattern from a list of six options.
Verbal fluency was assessed using the MOCA Letter Fluency Task which requires language, in addition to some memory and executive function ability, and involved listing as many words as possible beginning with "F" in 1 minute (26) .
Sustained attention was measured using the Sustained Attention to Response Task (SART) coefficient of variation (27) . Repeated digits were presented sequentially from "1" to "9" on a screen in front of participants (300 ms interstimulus interval, 207 numbers) while participants pressed a button for every digit except for digit "3." SART coefficient of variation is the mean variation in reaction time, across the task, to all stimuli except for digit "3."
Statistical Analyses
Data was analyzed using Stata 12 (StataCorp LP Table 1 . Comorbidity included those who responded "yes" to the question "Has a doctor ever told you that you have?" when asked about: cardiovascular disorders, memory impairments, arthritis, osteoporosis, Parkinson's disease, cancer, chronic lung disease, or asthma as per Table 1 , as well as those who self-reported poor vision, hip or wrist fracture, hip or knee pain, or walking aid use. Comorbidity also included the number of comorbidities a participant experienced. Model 3, a single regression model, was generated including all neuropsychological tests simultaneously as well as covariates as per Model 2 to estimate the independent effect of each neuropsychological test on gait speed for each gait task. In addition to investigating gait speed, Model 3 investigated DTD of each dual task to compare the effect of gait task on cognitive contribution. A p value of .05 was used to indicate statistical significance for all tests, but Models 2 and 3 adjusted this to account for possible false positive results caused by multiple testing. A revised critical value of 0.010 (Model 2) and 0.011 (Model 3) was used for positive associations with seven cognitive tests at q = 0.05 (using Stata multproc procedure (28)). Predicted differences in gait speed and DTD were calculated for each neuropsychological test utilising standardized beta coefficients. All analyses were weighted with respect to age, sex, and education to the Quarterly National Household Survey (2010) to ensure data were nationally representative, in addition to health status and sociodemographic factors to account for those who did not attend a health assessment (21) .
Results
In Model 1, all elements of cognitive function contributed to and were highly statistically significantly correlated with gait speed for all gait tasks (Table 2 ). In Model 2, for the dual gait tasks these associations were severely attenuated but robust to substantial covariate adjustment, including age (significantly following adjustment for multiple comparisons except for the effect of visual reasoning on dual motor task gait speed [p = .048]). For the single gait task immediate recall (p = .004), processing speed (p < .001) and sustained attention (p = .004) remained statistically significant, with verbal fluency (p = .015) marginally insignificant. Figure 1 details the magnitude of gait speed differences for each element of cognitive function across gait task. In Model 3, covariate and cognitive function elements can explain 28%, 18%, and 28% of the difference in gait speed during the single, cognitive, and motor gait tasks, respectively (Table 2) , as well as 3% and 2% of the difference in DTD during the cognitive and motor gait tasks, respectively (Figure 2) . Processing speed and short-term memory (as measured by immediate recall) were statistically significantly associated with gait speed for all gait tasks, see Table 2 (significant following adjustment for multiple comparisons except for the effect of recall on single task gait speed p = .085). Sustained attention was also significantly independently associated with gait speed for the motor gait task. Figure 2 illustrates the effect of gait task (single task gait speed and motor and cognitive DTD) on cognitive contribution.
Discussion
This study explored the independent contributions of seven elements of cognitive function to single and dual task gait speed in a population representative of community dwelling older adults. Poorer processing speed, short-term memory, and sustained attention were the major cognitive contributors to slower gait speed for all gait tasks. Investigation of gait task effects showed the dual gait tasks to have a significant specific executive function element, not observed in the single gait task. These results form a baseline value for dual task gait speed in a population over 50 years of age, with sustained attention and the independent contribution of processing speed being highlighted.
Analysis of the data found slower processing speed and poorer short-term memory to be the most statistically significant cognitive contributors to slower gait speed in all gait tasks (Table 2, Model 3). Sustained attention statistically (5) who also report memory and, either executive function or attention, to contribute to differences in gait speed during single gait tasks. Martin and colleagues (10) found processing speed, but not short-term memory, to significantly correlate with gait speed during single gait tasks. Research has been lacking into the cognitive contributions to dual gait tasks which employ motor tasks while walking, such as carrying a glass of water. However, major contributors to dual gait tasks which employ a cognitive demand while walking have been reported to be composite speed/executive/attention scores (13) to gait speed (alternate letters), in addition to executive function and short-term memory (16) to DTDs (serial subtraction) (29) in healthy older adults.
A comparison between studies is difficult due to the use of different gait tasks, gait protocols, neuropsychological tests, and outcome measures. Results may vary due to the multideterminate nature of neuropsychological tests. Sustained attention and verbal fluency tests have an executive function component with verbal fluency requiring short-term memory abilities. In this study, both tests contribute to variations in gait speed in Model 3. Although these variations may be explained by correlations between neuropsychological tests, Model 2 does not have this limitation as it explores each neuropsychological test separately and found similar correlations. Examining independent cognitive contributions to gait speed has highlighted the notable contribution of processing speed. Holtzer and colleagues (12) reported intraindividual variability (a measure similar to this study's sustained attention measure) and not processing speed, to be the only executive function component to predict differences in gait speed during single and cognitive gait tasks (serial subtraction) (12) . This study differentiates itself from earlier literature, such as Holtzer and colleagues, by investigating a more youthful population and a wider range of neuropsychological tests. Participants in this study walked faster than participants in earlier studies (3) with over 80% walking over 120 cm/s as per Table 1 . However, both this study and the study by Holtzer and colleagues do highlight the role of a specific executive process which may be involved in monitoring and optimizing locomotor performance.
Gait effects show the dual gait task to be more robust to substantial covariate adjustment than the single gait task and that it assesses specific elements of executive function, such as cognitive flexibility as measured by the CTT (Figure 2 ). This is in agreement with literature which has utilized DTDs in healthy older adults as a baseline value to differentiate those with cognitive impairment (18, 19) .
Investigation of independent contributions to gait speed from a wider range of cognitive functions in a population representative of community-dwelling older adults is a major strength of this study. In addition, cognitive contributions to dual gait tasks have been shown, with sustained attention and processing speed being specifically highlighted for the first time. These results build on novel research undertaken on the same cohort which have linked a mobility task, the Timed Up and Go task, with memory, processing speed, and executive function (30) . This study investigated gait speed and DTD. Future studies should investigate other dual task measures.
Walking requires multiple cognitive processing such as multisensory integration, spatial awareness, and proprioception (31) . Therefore, it follows that processing speed and sustained attention, an executive function requiring arousal and ability to focus attention, are important for gait speed especially during dual gait tasks. Memory, one of the first cognitive elements to be affected by aging, is also highlighted here in the form of short-term memory (immediate recall). The neural substrates linking these three cognitive processes to gait speed are not fully understood. However, functional imaging, nonhuman primate, and behavioral studies have shown increased activation of the prefrontal cortex during motor activity (32), shared neural mechanisms involved in attention and short-term memory (33, 34) , and mediating relationships between processing speed and prefrontal cortex control (35) during aging. We conclude that in community-dwelling older adults both a slowing of processing speed and an increased dependence on prefrontal resources affect gait speed during all gait tasks, with many possible causes (36) (37) (38) (39) . Furthermore, this dependence on the prefrontal cortex, a region involved in sustained attention, in conjunction with lower processing speed, mediates short-term memory performance.
The results in this study furthers our understanding of links between specific elements of cognitive function and gait performance during different tasks in communitydwelling older populations. The wide age range and large size of the dataset: (50-91 years, n = 8,174) are unique and in agreement with the life-span perspective model of aging recently recommended by Rosso and colleagues (4).
Conclusion
Community-dwelling participants that display poorer processing speed, short-term memory, and sustained attention walk more slowly during both single and dual gait tasks than those with higher levels of such resources. For this population, dual gait tasks are robust to covariate adjustment and highlight specific executive function contributions. This result forms a baseline value for dual task gait speed in community-dwelling adults over 50 years of age.
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